INTRODUCTION
Supramolecular soft materials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] have become a rapidly expanding area in current research for the last few years. Among these soft materials, low molecular weight hydrogelators (LMWHG) [11] [12] [13] [14] [15] [16] are currently finding potential applications in drug delivery, tissue engineering, bio-sensing and other related fields. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Most of these gels are obtained from a single component gelator molecule in aqueous medium. There are several examples of two component gels [27] [28] [29] that provide better diversity and tunability compared to that of single component gels. In these cases, the gelation property as well as thermal and mechanical properties can also be easily controlled by changing the molar ratio of these two components or by varying one of these two components. This offers great promise to design and construct new supramolecular soft materials with structural diversity and tunable functional properties.
Over the past two decades, significant efforts have been devoted to understand the structure-function relationship of organic π-conjugated n-type semiconducting material building blocks due to their various applications in organic electronic devices including photovoltaics, field-effect transistors as well as in fluorescent bio-probes. [30] [31] [32] [33] [34] [35] [36] [37] [38] Among several π-conjugated organic building blocks, molecular planarity, high π-acidity and the characteristic photo-physical behavior made NDIs an important candidate compared to the higher analogue of rylene dyes in supramolecular research. [39] [40] [41] [42] Recently, NDI-peptide conjugates have proven advantageous to make new functional supramolecular soft materials with interesting applications because of their ability to self-assemble by using various non-covalent interactions including π-π interactions, van der Waals' interactions, hydrogen bonding interactions and others. [43] [44] [45] Because of very weakly fluorescent behavior, NDIs have limited capacity to exhibit good optical properties in their monomeric states. 46 However, supramolecular assembly of the NDI-based system has been studied with great interest because of their interesting photo-physical characteristics like J-aggregation, excimer emission, aggregation induced enhanced emission (AIEE) and others. AIEE is an effect of the particular assembly of the NDI-based system and the aggregated species (generally the Jaggregate) exhibits enhanced emission compared to the molecules in their respective monomeric states. [47] [48] [49] [50] [51] However, these organic π-conjugated molecules (rylene dyes) generally show non-fluorescent behavior in water due to the aggregation caused quenching (ACQ) phenomenon. 52 Due to reduction of photoluminescence efficiency and intrinsic hydrophobicity of the aromatic core, the optical study of the NDI-derivatives in aqueous environment has been limited. 43 Several previous studies have been directed to explore the assembly of NDI-derivatives in aqueous medium 53, 54 and there are only a few reports on the assembly of NDI/peptide conjugated soft-materials 55, 56 in aqueous medium. Parquette and co-workers have reported the formation of NDI-dilysine peptide based self-supporting hydrogel. 57 There are a few reports on the formation of NDI-based hydrogels under physiological conditions and the hydrogelation of NDI/amino-acid conjugates. [58] [59] [60] However, none of these examples include the self-assembly of NDIappended peptide that not only form two-component hydrogels with long chain amines, but also promotes aggregation induced fluorescence in aqueous medium. To the best of our knowledge, this is the first example of NDI-appended peptide based two-component hydrogel (with long chain alkyl amines) that shows aggregation induced fluorescence in aqueous medium. The merit of this two-component system is to tune the thermal, mechanical and photo-physical properties of the assembled NDI-system by varying chain length of the alkyl amine. Interestingly, fluorescence properties (fluorescence intensity, quantum yield, fluorescence lifetime in excited state) of this NDI-based moiety are remarkably changed in twocomponent gel system compared to that of the self-assembly of NDI-based peptide alone in water.
Encouraged by the intriguing photo-physical properties of NDI-moieties we are curious to study the effect of self-assembly of the chromophoric moiety on the electrical conductance of NDI-based functional softmaterials. In this study, utilizing a rational design, we report an unprecedented two-component fluorescent hydrogel system based on an NDI-conjugated dipeptide functionalized bola-amphiphile P and long chain primary alkyl amines in physiological phosphate buffer solution at pH 7.46 ( Figure 1 ). The NDI-based bolaamphiphile has been chosen in such a way that it can be self-associated utilizing π-π interactions involving the NDI core, hydrogen bonding interactions using the intervening amide (-CONH) moieties, 
RESULTS AND DISCUSSION

Gelation Study
The NDI-based peptide P did not form gel by itself in phosphate buffer solution of pH 7.46, however, in the combination of both the peptide P and one of these long chain amines (C10 or C12) provided a two-component hydrogel. The gel is stable in the pH range 7.0 to 8.5 and it is also thermoreversible in nature. The gelation propensities of this two-component system were studied in buffer solution by dissolving the peptide P with each amine by changing their proportions. The stable molar ratio of the peptide P and amines was found to be 1:2. Interestingly, any co-assembly with molar ratio of peptide P: amine = 1:1 did not form stable hydrogels in the buffer solution (pH 7.46), but a viscous solution was appeared ( Figure S1 ). Only when the molar ratio was increased to 1:2, transparent hydrogel was obtained ( Figure 1 ). For the other combinations like peptide P: amine = 1:3 and 1:4, the systems were also unable to form any gel in the buffer solution of pH 7.46 ( Figure S1 ). The gelation ability of the peptide P was examined using different primary long chain amines such as n-octylamine, n-decylamine, n-dodecylamine and n-tetradecyl amine. It is worth noting that the gelation was occurred only for decylamine and dodecylamine. However, the other two long chain amines failed to form such gel under the same conditions. The mixture of peptide P with n-octylamine formed a soluble aggregate, while the mixture obtained from tetra-decylamine was very hard to dissolve and gave a precipitate under the same conditions. This fact shows that the gel formation is dependent on the chain length of the corresponding alkyl amine. The gelation properties for the two-component systems were also studied with different amines including secondary amines, tertiary amines, cyclic amines, aromatic amines; but the gelation occurred only with long chain aliphatic primary amines. In this paper, a detailed study of the gel (Table S1 ). This type of trend was also previously observed in two-component dendritic organogels.
28
Morphological Study
To obtain a clear overview of the morphological features of the two-component hydrogel system, high resolution transmission electron microscopy (HR-TEM) and field emission scanning electron microscopy (FE-SEM) experiments were carried out. The HR-TEM images (Figure 2a 
Rheological Study
To obtain fundamental mechanical properties and flow behavior of the two-component hydrogels, rheological experiments have been carried out at a constant oscillatory frequency of 1 Hz at room temperature (25 o C). In a frequency sweep rheological experiment presented in Figure 3 , it is observed that the storage modulus (G') values are higher than the loss modulus (G'') values for both hydrogels P10
and P12 (at 1:2 molar ratio of peptide: amine) at 2.5mM concentration. In these experiments, G' and G'' did not cross each other (G' > G'') and they are found to be almost parallel to the angular frequency applied throughout the experimental region. These observations suggest soft 'solid-like' gel phase formation. It is evident from the plot that the co-assembled hydrogel P12 with longer alkyl chain amine has a 6-fold increase in G' and G'' values compared to those of P10 hydrogel with relatively shorter alkyl chain amine. The longer aliphatic chain of C12 probably allows the assembly of the bola-amphiphile P with C12 in a more sterically favorable conformation than C10 and this makes P12 hydrogel more robust than P10 hydrogel. 28 Rheological studies were performed in other two concentrations (2 mM and 3 mM)
to explore the possibility of variance of storage and loss moduli of these co-assembled gels P10 and P12
( Figure S5 ). It was found that both storage and loss moduli of these two gels were dependent on the concentration. Time-correlated single-photon-counting (TCSPC) experiments were performed to get insights into the aggregation induced change in emission properties of the peptide P. In THF, the excitation monochromator was set to 340 nm and the emission was recorded at 410 nm for peptide P. Short-lived decay was noticed with an average lifetime 721 ps, arising for the monomeric NDI fluorophore due to the fast intersystem crossing to close-lying triplet state. Similar experiments were performed for peptide P in aqueous medium (buffer solution of pH 7.46) with an excitation at 340 nm and the emission was monitored at 527nm. At 527 nm, a tri-exponential decay was observed with a substantially longer average lifetime of 1.99 ns (Figure 4 ). The concentration of peptide P was kept constant at 0.05 mM throughout the experiment. For the experiments conducted using co-assembled aggregated system P10 and P12, on excitation at 340 nm the emissions were recorded at 529 nm and 531 nm respectively. In these cases, the resultant decay profiles also show a tri-exponential decay with a substantially longer average lifetime of 3.18 ns and 3.33 ns respectively. These observations also suggest that the excited state complexes of P10
and P12 are significantly more stable than that the peptide P alone in aqueous medium. Notably, the quantum yield of the peptide P was found to be 3.6% in aqueous medium using quinine sulphate as a reference dye. However, the quantum yields for the two-component aggregated systems P10 and P12
were found as 4.2% and 5.4% respectively using the same reference dye (quinine suphate). The detailed data for TCSPC study and quantum yield are tabulated in Table 1 . These observations may be due to the fact that the aggregation of the co-assembled system is more profound in two-component aggregated system than the aggregation of the self-assembled NDI-based peptide P alone in aqueous medium.
Moreover, the co-assembled aggregate P12 with comparatively long alkyl chain amine induces the assembly of the NDI-fluorophore more than the aggregate P10 with an amine with shorter alkyl chain length. 
Spectroscopic Study
To get an overview about the aggregation pattern of the two-component co-assembled system, a photo-physical study was performed in the self-associated state of peptide P. For this purpose, UV-vis spectroscopic study of the peptide P was performed to examine the aggregation pattern from monomeric chromophore to the aggregated state by changing the solvent from THF to buffer solution (pH 7.46) and then by systematically increasing the amine concentration in the system. The concentration of peptide P was kept constant at 0.005 mM throughout the experiment. In Figure 5 the peptide P shows well-resolved sharp absorption bands in the range of 300-400 nm in THF. This arises due to a π-π* transition along the long axis of the chromophore in the monomeric state. In THF, peaks appeared at 379 nm and 359 nm with a shoulder around 340 nm. However, when the solvent system was changed from THF to buffer solution, the peptide P tends to form aggregates in aqueous medium. This is evident from the bathochromic shift (11 nm) and about a 60 % decrease of the lowest energy absorption peak (379 nm) as shown in Figure 5 .
For the two-component complex P10 (at 1:2 molar ratio of P and C12), a similar type of change in peak position was observed, that shows a bathochromic shift of 11 nm and a 59% decrease of absorbance for the lowest energy peak was observed (Figure 5a ). However, the peak position for P12 aggregate was slightly different from P10 aggregate. For P12 aggregate (at 1:2 molar ratio of P and C12), there was a 6 nm red shift and a 68% decrease in absorbance upon aggregation (Figure 5b ). However, at 1: 1 molar ratio of peptide P and C12, a 8 nm red shift and a 64% decrease of absorbance of the lowest energy peak was observed. The red shift and remarkable decrease in the lowest energy absorption peak in all aqueous medium suggest that the J-aggregated π-π stacking is present in the aggregated state of the chromophore. 42, 43 The concentration dependent UV-vis spectroscopy were performed at 1:2 molar ratio of peptide: amine for both P10 and P12 aggregated system ( Figure S6 ) at 0.005 mM concentration of peptide P. The peaks appeared at similar position (389 nm) and the absorption was observed with a regular increase with increase in concentration of the peptide P (inset figure 5) . To get more insight about the optical property of the two-component co-assembled system, a photoluminescence (PL) study was done for the peptide P in both THF and buffer solution (pH 7.46) at 0.5 mM concentration. The solvent change from THF to buffer solution can significantly alter the aggregation pattern followed by a drastic change in fluorescence behavior. In THF, a very small emission band was observed at 410 nm due to the non-aggregated state of the chromophore at an excitation of 340 nm. It exhibits a very weak emission in THF, but emits a strong greenish-yellow fluorescence with more than a 300-fold increase in emissive intensity upon aggregation in the buffer solution (pH 7.46). For this case, the emission spectra showed two prominent bands centered at 460 nm and 550 nm as apparent in Figure 6a and b. An intense peak around 527 nm accompanied by a broad emission band around 435-460 nm suggests the aggregation induced enhancement of emission (AIEE) of NDI-based peptide P in aqueous medium. After the addition of C10 to make a 1:1 proportional mixture with peptide P, the peak intensity around 529 nm was gradually increased (Figure 6a ). At 1: 2 molar ratio of P and C10, this peak intensity was further increased. The PL spectrum for this two-component aggregate P12 is quite different from that of P10 aggregate. At 1: 1 molar ratio of P and C12, an enhancement of the peak intensity was noticed around 430 nm accompanied by a broad peak around 529 nm (Figure 6b ). The intensity of these peaks gradually increased while changing the molar ratio from 1:1 to 1:2. In addition to that, a broad emission band around 530-560 nm was also noticed for P12 aggregate at 1:2 molar ratio of peptide P:
amine. Therefore, the two-component co-assembled systems P10 and P12 emits greenish-yellow colored fluorescence under the UV lamp (365 nm). The internal packing arrangement of the self-assembled hydrogel was investigated by both wide angle and low angle powder X-ray diffraction (PXRD) for the xerogels obtained from P10 and P12 hydrogels at the molar ratio 1:2 of peptide P and amine. In the low angle region (Figure 7a and b) , distinct peaks at 2θ=2.2 0 (d= 40.53Å) and 2θ=1.81 0 (d= 48.88Å) were observed for P10 and P12 respectively.
These values matched well with the calculated molecular length (44.28 Å) of peptide P on its own. In the SAXS data for P12 hydrogel, a peak appeared corresponding to a d value 43.47Å, also in good agreement with the length of the molecule P ( Figure S7) . A broad peak corresponding to a d-spacing value of 67Å (2θ=1.34 0 ) and 70.64Å (2θ=1.25 0 ) were observed for P10 and P12 respectively from low angle PXRD and for both cases these values are close to the calculated total length of the peptide P (74.84Å) with two amines (C10 and C12) in the assembled structure as depicted in a tentative model in Figure 8 . The reflection peaks appeared at 2θ=3.8 0 (d= 23.33Å) and 2θ=3.94 0 (d= 22.41Å) for P10 and P12 respectively correspond to second order peaks from a structure with a spacing equal to the molecular length of P. In the wide angle region (Figure 7c and d 
Fourier Transform Infrared (FT-IR) Analysis
In the solid state of peptide P, a characteristic peak due to C=O stretching frequency corresponding to the carboxylic acid (-COOH) was observed at 1707 cm -1 , whereas, in the xerogel state, the intensity of this peak is diminished ( Figure 9 ). 
Current-Voltage Study
Though there are several reports of semiconducting behavior of NDI-based soft-materials mainly obtained from organic solvents, 62 water processable NDI-based soft-material that shows semiconducting
behavior is yet to be explored. Therefore, in this study the bulk electrical conductivity of peptide containing NDI-materials with corresponding amines in their co-assembled states have been measured by current-voltage study. It is evident from the I-V plot ( Figure 10 ) that the increment of current with respect to the voltage applied follows a linear relationship in the low voltage region for both P10 and P12 xerogels (at 1:2 molar ratio of peptide: amine) in their respective co-assembled states, confirming the development of Ohmic contacts (V/I = R). However, in the higher voltage region, the I-V curves show deviation from the linearity. This indicates the semiconducting nature of these two-component systems.
The conductivity of both P10 and P12 xerogels have been calculated to be 5.5-6 X 10 -6 S cm 
